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ABSTRACT
Measurements of neutron total cross-sections are both extensive and extremely ac-
curate. Although they place a strong constraint on theoretically constructed models,
there are relatively few comparisons of predictions with experiment. The total cross-
sections for neutron scattering from 16O and 40Ca are calculated as a function of
energy from 50 − 700 MeV laboratory energy with a microscopic first order optical
potential derived within the framework of the Watson expansion. Although these
results are already in qualitative agreement with the data, the inclusion of medium
corrections to the propagator is essential to correctly predict the energy dependence
given by the experiment. In the region between 100 and 200 MeV, where off-shell
tρ calculations for both 16O and 40Ca overpredict the experiment, the modification
due to the nuclear medium reduces the calculated values. Above 300 MeV these
corrections are very small and depending on the employed nuclear mean field tend
to compensate for the underprediction of the off-shell tρ results.
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Accurate measurements of total cross-sections for the scattering of neutrons from
a variety of nuclei provide stringent constraints on theoretical models. In this sense one
would like to incorporate a realistic physical description of the nucleon-nucleon [NN] in-
teraction, which quantitatively reproduces the NN observables, including the total neutron
cross-section, into a theoretical model of neutron-nucleus scattering. Such a description
would ideally result from multiple scattering theory and the use the NN interaction together
with nuclear wave functions as input to obtain nucleon-nucleus observables. In a recent
publication [1] we presented a microscopic treatment of the modification of the NN propa-
gator due to the nuclear medium, formulated to be consistent with the first order spectator
expansion [2,3]. Calculations of proton and neutron elastic scattering from 40Ca in the first
order spectator expansion were presented, in which the effect of the nuclear medium was
taken into account. These results were very encouraging. In particular, the neutron total
cross-section for scattering from 40Ca was shown as a function of energy. It was gratifying
to observe [1] that the effect of the nuclear medium, although not large, lowered (relative
to those for which a free NN t-matrix was employed) the calculated values in the energy
regime between 100 and 300 MeV and brought the theoretical predictions into closer agree-
ment with the measured values. Furthermore, above ∼400 MeV, where the ‘free’ predictions
fell below the experimental data, the medium correction raised the predicted values, so that
in this region a better description of the experiment was also achieved. The comparisons
shown in Ref. [1] were limited to the scattering of neutrons from 40Ca, and it was felt that it
would be reassuring to extend the calculation to other targets. At present the calculations
are limited to spin-saturated even-even targets and so only the scattering from 16O and 40Ca
are investigated here.
In this work the full Bonn potential [4] is used to calculate the H(n, p) total cross-
sections for projectile energies less than 350 MeV. This interaction includes the effects of
relativistic kinematics, retarded meson propagators as given by time-ordered perturbation
theory, and crossed and iterative meson exchanges with NN , N∆ and ∆∆ intermediate
states. For energies greater than 350 MeV a less sophisticated high energy extension of the
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Bonn potential [5] is used, which incorporates the effects of pion production via N∆ and
∆∆ iterative diagrams.
The calculations for nuclei other than 1H are performed in the parameter-free
manner as outlined in Ref. [1], where the only inputs are the free NN interaction, target
nuclear densities and the static mean field potential used to model the medium effects. The
free NN t-matrix is taken from the same Bonn potential that is used to calculate the H(n, p)
result. The nuclear mean field potentials are taken from a Hartree-Fock-Bogolyubov (HFB)
microscopic nuclear structure calculation, which utilizes the density-dependent finite-ranged
Gogny D1S effective NN interaction [6,7]. A second choice involves a nonrelativistic reduction
of the mean field potentials resulting from a Dirac-Hartree (DH) calculation based upon the
σ-ω model [8]. The neutron-nucleus calculations are performed in an ‘off-shell tρ’ framework
using the optimum factorized form as described in Ref. [9], where the fully off-shell effective
NN t-matrix is used, but with diagonal nuclear densities.
For a comparison with two-nucleon scattering, in Fig. 1 the total cross-section for
neutron-proton (np) scattering is shown. The solid line represents the experimental data
[10], while the diamonds represent the predictions from the full Bonn interaction [4]. It
should be noted that, although these data were not included in the fitting procedure for
the Bonn potential, excellent agreement is obtained. Included in Fig. 1 are the predictions
for the neutron-neutron (nn) total cross-section, which are obtained by considering only the
T=1 partial waves. No data are given for this case, since none exist. However, the excellent
agreement with the (n, p) experimental data suggests that the (n, n) predictions are likewise
reliable.
In Fig. 2 the total neutron cross-section data for scattering from 16O and 40Ca are
presented as a function of the neutron laboratory energy. Note that for 16O in the upper
panel of Fig. 2 the corrections due to the nuclear medium are small, but tend in the correct
direction. At lower energies (100 − 200 MeV), these medium effects reduce the calculated
cross-section in comparison to the free result and bring the predictions into rather good
agreement with the measured values. At higher energies the effect of the coupling of the
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struck nucleon to the rest of the nucleus tends to increase the total cross-section value slightly
to again yield a result which is closer to the data. The analogous result for 40Ca is shown
in the lower panel of Fig. 2, and as described for 16O, the contributions due the propagator
modification by the nuclear medium tend to improve the description of the experimental
observable.
If one were to assume that there were no shadowing effect then one would expect
the total neutron cross-sections to scale with the number of nucleons, A. In this case the
isospin averaged 〈σT 〉 of the (n, p) and (n, n) cross-sections shown in Fig. 1 multiplied by
A = 16 and by A = 40 are indicated by asterisks in the upper and lower panels of Fig. 2,
respectively. These points would represent the energy dependent total cross-sections in the
absence of shadowing and thus correspond to an upper limit on the possible values of the
total cross-sections. However, the measured values for 16O and 40Ca are indeed of the order of
25%−30% smaller than this limiting value, and one should expect any microscopic treatment
to be closer than this limit. The horizontal arrows indicate the geometric black disk cross-
section 2piR2 (with R = 5
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〈rrms〉). For energies for which the total cross-section exceeds this
geometric limit, one should be very skeptical of the first-order multiple scattering theory.
For 16O this energy is roughly 50 MeV and for 40Ca it is about 70 MeV.
Although the 16O and 40Ca results do not scale as A×〈σT 〉, they may scale for some
effective number of nucleons, Aeff . In this sense one can partially account for shadowing.
In Fig. 3 the average neutron-nucleon total cross-section, 〈σT 〉 is plotted along with the
the 16O and 40Ca results divided by Aeff . In this case Aeff ≈ 12 and Aeff ≈ 26 for
16O
and 40Ca, respectively. The 16O and 40Ca experimental measurements scale remarkably well
for energies greater than about 80 MeV. For the high energies where scaling is occurring
it seems clear one is basically observing effects due to the NN interaction. Contributions
beyond the first order multiple scattering theory are not so important in this regime. It is
also true that this may be an indication that the total cross-section data is less revealing
than angular measurements. For smaller energies the break down of scaling illustrates how
higher order corrections to the first order theory are required.
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In Fig. 4 the total elastic cross-sections σel and the total reaction cross-sections
σR for
16O are displayed separately. Since the reaction cross-section is considerably larger
than the elastic cross-section for laboratory kinetic energies greater than 100 MeV, it follows
that the corrections to the total cross-section due to the nuclear medium are largely given
by contributions to the reaction cross-sections. The same conclusion can be made about the
40Ca elastic and reaction cross-sections. Qualitatively the observed effect of the medium may
be interpreted as follows. Since the interactions between the struck nucleon and the ‘residual
(A-1) nucleus’ is attractive, the medium correction in a sense tends to reduce the knock-out
probability for outer nucleons, thus reducing the reaction cross-section. This is particularly
the case for energies lower than 200 MeV, where the scattering process is expected to be
surface dominated. At higher energies , the projectile neutron penetrates more deeply into
the nucleus, so that this effect becomes less important.
To demonstrate that contributions due to the nuclear medium can be significant in
neutron elastic scattering, the neutron differential cross-section, the analyzing power and the
spin rotation parameter for scattering from 16O at 100 and 500 MeV are shown in Figs. 5
and 6. At higher energies the corrections do not begin to manifest themselves until the
scattering angles become so large that higher order processes need to be taken into account.
At the lower energy there is certainly a significant difference in the spin observables even at
small angles.
In conclusion the precision neutron total cross-section measurements provide an-
other striking confirmation that the first order theory of the optical potential can accurately
describe data in the appropriate regime of applicability. These successes encourage us to pro-
ceed in this direction and in the future to include higher order contributions in the multiple
scattering spectator expansion.
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FIGURES
FIG. 1. The total cross-section σtot for the scattering of neutrons from protons H(n, p) is shown.
The solid curve corresponds to the experimental data [10]. No error bars are shown, since the total
systematic uncertainty is smaller than 1% and the errors fall within the thickness of the plotted
line. The diamonds represent the theoretical predictions from the full Bonn potential, the triangles
give the results for the (n, n) case.
FIG. 2. The total neutron-nucleus total cross-sections for scattering from 16O and 40Ca are
shown as a function of the incident neutron kinetic energy in the upper and lower panels, respec-
tively. The data are taken from Ref. [11,12]. The circles correspond to the free result, while the
squares and triangles include the medium contributions using the DH and HFB mean field po-
tentials, respectively. The calculations below 350 MeV are based on the full Bonn NN t-matrix
[4], those above 350 MeV use the high energy extension of the Bonn potential [5] as input. The
asterisks represent A× 〈σt〉, where 〈σt〉 is the isospin averaged neutron-nucleon total cross-section
and A is the atomic number, and the horizontal arrows give the geometric black disk cross section
as described in the text.
FIG. 3. The isospin averaged neutron-nucleon total cross-section calculated from the average
of the (n, p) and (n, n) results and shown as open circles is compared to the 16O and 40Ca neutron
total cross-section measurements divided by Aeff . The solid line represents the
16O data divided
by Aeff = 12 and the dashed line the
40Ca data divided by Aeff = 26.
FIG. 4. The elastic and reaction cross-sections are shown for 16O in the upper and lower
panels, respectively. The circles represent the free result, while the squares and triangles include
the medium contributions using the DH and HFB mean field potentials, respectively.
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FIG. 5. The angular distribution of the differential cross-section ( dσ
dΩ), analyzing power (Ay)
and spin rotation function (Q) for elastic neutron scattering from 16O at 100 MeV laboratory
energy. The calculations are performed with a first-order optical potential obtained from the full
Bonn interaction [4] in the optimum factorized form. The solid curve represents the free impulse
approximation with using the free NN t-matrix. The medium contributions are included in the
dashed curves, where the DH mean potential is used for the dashed-dotted curve and the HFB
mean field potential for the dashed curve.
FIG. 6. Same as Fig. 5, except the projectile kinetic energy is 500 MeV.
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